Abstract: This study applied 1 H-NMR in time and in frequency domain measurements to monitor the changes that occur in bound water dynamics at decreased temperature and with increased hydration level in lyophilizates of native wheat photosynthetic lamellae and in photosynthetic lamellae reconstituted from lyophilizate. Proton relaxometry (measured as free induction decay = FID) distinguishes a Gaussian component S within the NMR signal (o). This comes from protons of the solid matrix of the lamellae and consists of (i) an exponentially decaying contribution L 1 from mobile membrane protons, presumably from lipids, and from water that is tightly bound to the membrane surface and thus restricted in mobility; and (ii) an exponentially decaying component L 2 from more mobile, loosely bound water pool. Both proton relaxometry data and proton spectroscopy show that dry lyophilizate incubated in dry air, i.e., at a relative humidity (p/p 0 ) of 0% reveals a relatively high hydration level. The observed liquid signal most likely originates from mobile membrane protons and a tightly bound water fraction that is sealed in pores of dry lyophilizate and thus restricted in mobility. The estimations suggest that the amount of sealed water does not exceed the value characteristic for the main hydration shell of a phospholipid. Proton spectra collected for dry lyophilizate of photosynthetic lamellae show a continuous decrease in the liquid signal component without a distinct freezing transition when it is cooled down to -60ºC, Vol. 20. No. 5. 2015 CELL. MOL. BIOL. LETT. 718 which is significantly lower than the homogeneous ice nucleation temperature [Bronshteyn, V.L. et al.
INTRODUCTION
Despite the significant (in some membranes even dominant) contribution of membrane proteins the structure of the biological membrane resembles the lyotropic lipid crystalline phase [1] . In most cases, the animal membrane is in a lyotropic lamellar L phase [2] in which some local membrane superstructures exist and have been termed lipid rafts [3] [4] [5] [6] and membrane caveolae [7] . Epithelial cells even show evidence of a variety of local lipid superstructures that are differentiated by scale and driven by direct or indirect interaction with the endoplasmic reticulum [8] .
In contrast to animal cell membranes, photosynthetic membranes are dominated by galactolipids, which prefer the formation of the lyotropic inverted hexagonal H II phase over the lamellar L phase [9] . For example, the main photosynthetic membrane lipid MGDG with unsaturated fatty acids forms in water phase H II . This lipid also promotes a phase H II in binary mixtures with phosphatidylcholine or digalactosyldiacylglycerol [10, 11] . However, in native photosynthetic membranes under physiological conditions, the majority of lipids remain in the lamellar phase L. Some reports suggest that in photosynthetic membranes, which are not Tris washed, the 31 P-NMR lamellar signal only dominates below room temperature, whereas with increasing temperature, the contribution of the isotropic signal increases [12] . A major contribution to the phosphorus NMR signal comes from phosphatidylglycerol, one of the minor lipid components of the photosynthetic membrane. Acute water stress leads to a reorganization of membrane constituents [13] . It is not yet clear whether the lamellar phase is retained in photosynthetic membrane lyophilizates, but after rehydration, the 31 P-NMR signal shows the presence of a lamellar phase with a significant contribution of the small membrane fragments from the disrupted lamellae [14, 15] . It is not known whether the organization of phospholids in photosynthetic lamellae reconstituted from the lyophilizate resembles that in native membranes. We presented our initial analysis of the number and distribution of water-binding sites and the sequence and kinetics of their saturation elsewhere [16, 17] . In this study, we analyzed the formation of tightly and of loosely bound water pools at different stages of the rehydration process of photosynthetic lamellae reconstituted from lyophilizate. Based on this, we focused on the gradual immobilization of the sealed water fraction bound on the inner surfaces of dry lyophilizate of the photosynthetic lamellae.
MATERIALS AND METHODS
Thylakoid membranes purified from stroma proteins were isolated from Triticum aestivum L. var. Jara seedlings grown for six days in darkness and subsequently illuminated for 24 h with white light. The basic isolation procedure was described previously [18] , but for this study, we used a 0.067 M phosphate buffer at pH 7.3 containing 0.5 M sucrose instead of Tris-HCl buffer. The naturally occurring manganese ion content of the lamellae sample obtained using this procedure was not altered, so that it might contain unbound and bound manganese ions, as found in native photosynthetic membranes. Subsequently, the obtained preparations of photosynthetic membranes were freeze-dried and stored desiccated at -20ºC in darkness. Prior to the hydration courses, the lyophilizate was incubated for 48 h over silica gel at room temperature (+22ºC) and a relative humidity of p/p 0 = 0%. The sample was then hydrated from the gaseous phase over a water surface (p/p 0 = 100%) at room temperature. As a measure of the hydration level, the relative mass increase expressed in units of dry mass m/m 0 was taken. The sample hydration level varied up to Δm/m 0 = 0.25, which was sufficiently high to observe two bound water fractions. After completing the NMR measurements, the dry mass of the photosynthetic membrane was determined after heating at 70ºC for 68 h. Higher temperatures were not used as they may decompose some organic constituents of the membrane [19] . 1 H-NMR relaxometry data (measured as free induction decay = FID) were recorded using a WNS HB-65 high power relaxometer (Waterloo NMR Spectrometers), operating at a resonance frequency of 30 MHz (at B 0 = 0.7 T). The transmitter power was 400 W, and the pulse length π/2 was 1.5 μs. FID measurements were acquired and averaged over 2000 accumulations. The NMR measurements as a function of hydration level were performed at room temperature (+22ºC). 1 H-NMR spectra were collected using a Bruker Avance III 300 spectrometer (Bruker Biospin), operating at a resonance frequency of 300 MHz (at B 0 = 7 T) with the transmitter power at 400 W. The pulse length π/2 was 2.2 μs, the bandwidth 300 kHz, and the repetition time 2 s. 1 H-NMR FID was analyzed using the FID (time domain) analyzing procedure of the two-dimensional NMR signal-analyzing CracSpin program written at the Jagiellonian University of Kraków [20] . The data in the frequency domain were processed using the commercially available fitting software Origin 8.5. Fig. 1 shows a proton free induction decay (FID) chart for native wheat photosynthetic membranes reconstituted from lyophilizate through hydration from the gaseous phase. The FID is well described by the superposition of one Gaussian component and, depending on the hydration level, by one or two exponential components:
RESULTS
where S is the amplitude of the Gaussian component; For more detailed analysis, we expanded the solid signal component S of the proton FID signal for lyophilized wheat photosynthetic membranes in a series of moments, as detailed previously [21] : Fig. 2 shows the hydration dependence of M 2 , M 4 and M 6 for native wheat photosynthetic membranes that were freeze-dried and subsequently rehydrated from lyophilizate as a function of the hydration level. 
The relatively high value of M 2 may reflect the composition of the photosynthetic membrane, where proteins compose more than 50% of the membrane mass [22, 23] . Two discontinuous changes occur in M 2 , M 4 T  20 s, which is close to the values detected for other dry biological microheterogeneous systems, such as the solid matrices of bark or bast [24] , lichen thalli [25] [26] [27] [28] , arthropod cuticle [29] , human terminal hair [30] , and dentine and dental enamel [31] . Pintar [32] was the first to suggest that the striking similarity in values of * S T for a variety of different biological systems is a result of a similar distribution of local magnetic fields for a limited number of chemical groups forming the biological system at a submolecular scale. Thus, we assigned the Gaussian component S to the solid matrix of the wheat thylakoid lyophilizate and used its amplitude as a unit to scale the amplitudes of the other signal components. The exponentially decaying liquid signal component with the amplitude L 1 (i) is present in dry lyophilizate, and its value slightly increases with increasing hydration level (Fig. 4) . In units of solid S it is well described by the linear dependence: T  80 s. Proton FID decay time for the L 1 fraction is relatively short and probably more shortened due to the specificity of the type of high power NMR experiment (for FID, T 2 is shortened by B 0 inhomogeneity). Upon the rehydration of controlled pore glass, in the total absence of organic constituents, a similar fraction is observed [33] . In human dentine, the * 2 T  60 s fraction was interpreted as a "rigid water" signal component [34] . In other dry microheterogeneous systems, such as the inner surfaces of bark and bast [24] , lichen thalli [25] [26] [27] [28] , atrhropod cuticle [29] and human terminal hair [30] , such a signal was assigned to the water fraction tightly bound to the lyophilizate. The increase in the tightly bound water fraction L 1 versus increased hydration level is not very substantial but it is noticeable.
For the detailed analysis of the L 1 signal we performed a CPMG experiment [35, 36] for the wheat photosynthetic membrane lyophilizate dehydrated to an m/m 0 of 0.031, at which hydration level no L 2 was observed. In the CPMG experiment, the L 1 signal component decomposes into two parts. The first part, with T 2 = 0.0836 ± 0.0049 ms, is 83.3 ± 5.8% of the total L 1 signal and seems to be a mobile proton signal presumably coming from membrane lipids [37] , whereas the second component, with a much longer value of T 2 = 1.41 ± 0.16 ms, constitutes 16.7 ± 3.2% of the L 1 signal and is the signal from the tightly bound water fraction. (Fig. 3) , which means that this component is an average of two or more loosely bound water fractions that are in a fast exchange regime [38] . The values of the relaxation time are much longer than the ones for the components (0) and (i), and are of the order of The two bound water fractions are differentiated by the T 2 of the corresponding proton groups. These T 2 are largely controlled by the water molecule dynamics involved, which in turn are expected to be a strong function of the proximity of the water molecules to the solid surface. In effect, the two bound water fractions are differentiated by the dynamics and the proximity to the solid surface of the water molecules making up the corresponding fractions. Moreover, the two bound water proton groups differ significantly in the slope of the normalized signal intensity L i /S vs. hydration. The slope is much higher for the loosely bound water fraction L 2 /S, whereas for L 1 /S, it roughly equals the ratio of proton densities in water and in lipids and proteins in photosynthetic membrane. One may assume that the whole increase in L 1 signal is due to the increase in the tightly bound water fraction that occurs due to the lyophilizate rehydration process. Photosynthetic membranes contain significant amount of manganese and iron ions. Electron paramagnetism, if present in the NMR sample, strongly influences or even dominates the proton relaxation process [21] . Although the dominating effect on proton relaxation in thylakoid membranes was assumed to come from the non-functional surface-bound paramagnetic manganese ions [39] [40] [41] [42] , there are two other manganese ion pools present: a functional manganese that is active in the water-splitting center of photosystem II [43, 44] and is removable, e.g., by Tris-washing [45] , and the so-called tightly bound manganese fraction consisting of the remaining manganese ions. The contribution of the non-functional manganese fraction may differ depending on the preparation protocol. The procedure of freeze-drying affects the structure of the system, so the two manganese fractions, which do not contribute to the proton relaxation process in the native membrane, may be active for relaxation in the altered structure of the membrane lyophilizate. The proximity of these ions to protons in the sample adds an extra relaxation pathway for the protons affected, decreasing their relaxation time and, if their T 2 becomes shorter than the spectrometer dead time, also decreasing the observed signal from the affected protons. The loosely bound water molecules are more distant from the paramagnetic relaxation centers, their relaxation times are not shortened so much, and the signal does not decrease. This effect may result in the high value of the slope of L 2 /S hydration dependency, which significantly exceeds one. The signal of the proximal to the solid matrix surface tightly bound water fraction is affected similarly to the signal of the solid matrix, so the value of the L 1 /S hydration dependency slope is close to one. Fig. 6 shows 1 H-NMR spectrum for wheat photosynthetic lamellae lyophilizates rehydrated from the gaseous phase with a relative mass increase equal to ∆m/m 0 = 0.165. 
where Δv G and Δv L are the half-widths of the NMR line; v G and v L are peak positions; and A S and A L are the amplitudes of the Gaussian and Lorentzian peaks, respectively. The halfwidth of the solid Gaussian line component Δv G is equal to about 25 kHz at room temperature, whereas the halfwidth of the Lorentzian line Δv L equals 1.5 kHz. In contrast to relaxometry, the NMR spectrum shows only one narrow line coming from the water bound in the photosynthetic membrane. The decomposition into two Lorentzian components was not possible, which was attributed to the L 2 resonance line being broadened by a magnetic field B 0 inhomogeneity to a degree that renders it indistinguishable from the L 1 resonance line. With the increase in hydration level, the spectrum remains the superposition of the Gaussian and Lorentzian line components (Fig. 7) , but the contribution of the loosely bound water fraction increases. Moreover, the Lorentzian line component narrows (Fig. 8) , and for hydration levels exceeding ∆m/m 0 = 0.15, the halfwidth becomes close to the value B 0 of the line width broadening due to the B 0 inhomogeneity (determined in a separate experiment). and Gaussian (filled circles) components, recorded at 22ºC for native wheat photosynthetic membranes that were freeze-dried and subsequently rehydrated from lyophilizate. The resonance frequency was 300 MHz. The slope of the liquid signal vs. hydration level dependency is also high like that detected in time domain NMR experiment, but the exact value differs because in the 1 H-NMR spectrum, the signal from two bound water components is averaged, and the estimation of the area under solid line component A S may be additionally underestimated by the specifity of frequency domain experiment. The 1 H-NMR spectrum of photosynthetic lamellae dry lyophilizate (Fig. 10) is also a superposition of a Lorentzian line component coming from mobile membrane lipids and from water fraction bound in dry lyophilizate and of a Gaussian line component coming from solid matrix of photosynthetic lamellae. The freeze-drying procedure was not sufficient to eliminate the water signal completely. Although hydration level, as estimated from dry mass of the sample, is low (m/m 0 = 0.018), the contribution of mobile fraction in lyophilizate recognized by a liquid line component is relatively high. This result is quantitatively consistent with the estimated mobile fraction contribution for dry lyophilizate measured proton relaxation times at 30 MHz. The line widths for the Lorentzian line component may be interpreted as a signal coming solely from mobile membrane protons and from tightly bound water fraction (Δv L  4 kHz) without significant contribution of loosely bound water fraction. Its line width significantly exceeds the apparatus line broadening. With decreased temperature the linewidth of Gaussian solid line component slightly increases (Fig. 11) , which reflects the gradual thermal immobilization process of lyophilizate protons. The area under the peak for the tightly bound water signal A L /A S decreases continuously with decreased temperature (Fig. 12) in the whole range of temperatures investigated. At -23ºC, ca. 20% consists of solid signal. This effect is consistent with the gradual increase in halfwidth of tightly bound water line component present in dry lyophilizate. Two mechanisms of supercooled water immobilization may take place with decreased temperature, namely gradual immobilization of all water molecules with decreasing temperature, which might cause a gradual broadening of the water line [46] , and rapid immobilization caused by binding of a given water molecule to the already existing ice crystallite, which results in a decrease in the liquid water signal [47] . The second effect needs incubation time at which the water molecule may migrate within the sample to the vicinity of the ice crystallite. No ice nucleation was detected for the dry lyophilizate sample, but the decrease in liquid signal may suggest the presence of undetected very small ice crystallites, as it is observed in the lamellar lipid system at low hydration levels [47] .
DISCUSSION
It is not clear which of the lyotropic crystalline phases is formed in the dry lyophilizate of wheat photosynthetic lamellae. Although for rehydrated lyophilizate, the 31 P-NMR spectra show the characteristic picture of the lipid lamellar phase L, there is a significant contribution of the isotropic signal coming from mobile spherical liposomes/micelles, whereas for elevated temperature, the lipid hexagonal phase H II arises [12, 14, 15] . Even under physiological conditions, the lamellar structure of the photosynthetic membrane seems not to be particularly stable. The small addition of chlorophyll a destabilizes the lamellar phase of model lipid bilayers formed from DPoPE, inducing the formation of hexagonal phase tubulae [48] . The presence of non-lamellar lipids is even required for some functions of photosynthetic lamellae. The activity of violaxanthin de-epoxidase in the xanthophyll cycle occurs in the presence of inverted hexagonal phase H II promoters, whereas the lamellar L phase promoters decrease it [11, 49] . Moreover, the proportion of lipids and proteins in photosynthetic lamellae seems to be controlled by the presence of non-bilayer lipids and lipid phases in the membrane [50] . Proton NMR data show a significant contribution of water that is retained in dry lyophilizate. If the thylakoid structure is preserved in dry lyophilizate, sealed water may occlude in the lumenal space of thylakoid vesicles or be contained in supramolecular structures formed by proteins and lipids. This water fraction does not cooperatively freeze. Thus, for photosynthetic membrane lyophilizate, in the absence of cryoprotectants and AFP (antifreeze proteins), it is most likely localized in close proximity to the inner surfaces of lyophilizate and constitutes at least a part of the non-freezable, tightly bound water observed in other systems. The lowest hydration levels at which cooperative water freezing in the thallus of an Antarctic lichenized fungus Umbilicaria aprina was observed using DSC were ∆m/m 0 = 0.202 ± 0.050 for cooling down and ∆m/m 0 = 0.127 ± 0.027 for heating [25] . Using DSC, Bronshteyn and Steponkus [47] The absence of ice nucleation and thus the absence of loosely bound water in dry lyophilizate gives a hint as to the localization of the sealed water fraction inside lyophilizate and/or the size of inner structures containing sealed water fraction. Based on NMR results, Klose and Gawrisch reported that in a stable multilayer system of L phase bilayers, a single molecule of DPPC is hydrated by: (i) 4 to 5 molecules of tightly bound water; (ii) 11 water molecules forming the main hydration shell; (iii) 12 molecules of trapped water, which through self-diffusion recognizes the proximity of the lipid L-phase; and (iv) 21 to 23 molecules of free water localized in the space between lamellae [51] . Thylakoids do not contain DPPC, and the only phospholipid found in these membranes is phosphatidylglycerol, which accounts for about 15 mol% of the total thylakoid lipids [52] . Besides the lipids, the protein fraction also contributes to the thylakoid structure, and the proportion of proteins to lipids in the membrane strongly influences its physical properties [22, 23] . In spite of this difference in structure, we may compare the data of Klose and Gawrisch with our results. As 0.168 of the L 1 signal comes from bound water, and the proton densities of DPPC and water are close, the hydration level of dry lyophilizate corresponds to slightly more than two water molecules per DPPC molecule. Our measured residual hydration level of dry lyophilizate seems to be relatively high, but it remains to be seen whether it is sufficient to initiate some or any functions of the photosynthetic membrane in lyophilizate of photosynthetic lamellae.
